Half-Heusler(HH) alloys have shown promising thermoelectric properties in the medium and high temperature range. To harness these material properties for thermoelectric applications, it is important to realize electrical contacts with low electrical contact resistivity. However, little is known about the detailed structural and electronic properties of such contacts, and the expected values of contact resistivity. Here, we employ atomistic ab initio calculations to study electrical contacts in a subclass of HH alloys consisting of the compounds HfCoSb, HfZrCoSb, and HfZrNiSn. By using Ag as a prototypical metal, we show that the termination of the HH material critically determines the presence or absence of strong deformations at the interface. Our study includes contacts to doped materials, and the results indicate that the p-type materials generally form ohmic contacts while the n-type materials have a small Schottky barrier. We calculate the temperature dependence of the contact resistivity in the low to medium temperature range and provide quantitative values that set lower limits for these systems.
I. Introduction
Thermoelectric (TE) devices convert heat into electricity, or vice versa, without any moving parts and are therefore attractive for energy harvesting and electronic cooling. A typical thermoelectric module is an array of n-type and p-type semiconducting materials connected electrically in series and thermally in parallel. The efficiency (h) of thermoelectric devices is given by [1] 
To harness these promising material properties for thermoelectric applications requires addressing a number of challenges. One such challenge is to identify appropriate metal electrodes that form good electrical and thermal contacts at elevated operating temperatures [10] [11] [12] [13] . Several metal electrodes have been explored, including Ag [14] , Cu [5] , stainless steel [15] and Ti [16] .
Among these candidates, Ag is a promising option owing to its stability at elevated temperature, and high electrical and thermal conductivity. Recently Ngan et al. [14] showed that by using fast hot pressing technique to join HH with metal Ag, a contact electrical resistivity of ~5x10 -5 Wcm 2 can be achieved for temperatures up to 450 o C. Still, order-of-magnitude lower contact resistivity is desired for the ideal performance of compact, high-power-density TE generators based on HH alloys with intrinsic resistivity r~1mΩcm [17] and with typical size L~1mm.
HH materials have been extensively studied both theoretically [4, 18, 19] and experimentally [6, 9, 19, 20] , to establish their basic electronic properties as well as to improve their thermoelectric (TE) properties for thermal energy conversion applications [19] . The investigation of contacts between HH materials and metal electrodes is however very rare. One of the challenges in developing high efficiency TE generators based on HHs is the absence of a fundamental knowledge of physical and chemical properties of interfaces between HH materials and metal contacts. Ab initio simulation is a powerful tool to explore material properties at the atomic scale including interfaces and surfaces. Nevertheless, ab initio calculations of the properties of electrical contacts between HH materials and metals have not been theoretically reported. In this rapid communication, we present an atomistic study of electrical contact resistivity between n-and ptype HHs and metal silver (Ag), using a combination of ab initio simulations and macroscopic modeling, to explore the effects of interfacial structure, chemical composition and doping on the electronic contact resistivity. Interfacial band bending and electrical contact resistivity have been calculated for the different interfacial structures of HH and Ag. We find that the termination of the HH plays an important role in determining the structure of the interface, which in turn induces different band bending at the interfaces, whereas far away from the interfaces, the band bending is mainly dominated by the electronic doping. Our results indicate that the detailed atomic and electronic structure of the interface plays a key role in determining the band alignment and ultimately the contact resistivity. This adds to the growing body of work on metal/semiconductor interfaces [21, 22] that demonstrates the need to carefully consider atomistic effects when calculating Schottky barriers, and more generally, band alignment. Indeed, the possibility of ab initio computations on large unit cells now allows a more robust calculation of complex epitaxial interfaces, including disorder. This gives a more refined picture that reveals unexpected interfacial effects, such as the role of chemical dipoles discussed in this manuscript. 
II. Methods
A rigid shift of the local electrostatic potential is used to calculate the contact resistivity within an effective mass model. A good agreement between the effective mass and full ab initio approaches has been demonstrated for other semiconductor contacts [23] . We have recently applied this approach [24] to calculate the resistivity of a metal contact to a (Sb,Bi) 2 Te 3 superlattice, and the obtained results are in very good agreement with experiments.
Ab initio quantum mechanical calculations
We carried out ab initio calculations of the electronic structure of a series of HH systems belonging to the subclasses HfCoSb, Hf 0. The calculations were performed using VASP [25] , an ab initio simulation package based on Density Functional Theory (DFT). The exchange and correlation terms were treated using the generalized gradient approximation (GGA) with PW91 functional [26] . The projector augmented wave (PAW) pseudo-potentials [27] were chosen to describe core electrons. order to obtain the desired doped-HH systems following the experimentally synthesized structures [14] . The number of the new species are chosen to yield the appropriate electron and hole concentrations. The atomic structures of all systems were optimized with respect to both volume and atomic positions since the optimized lattice constants are sensitive to the chemical compositions and atomic positions (See Table I ).
To simulate the interfacial structures between the HH and Ag, we created a slab composed The density of electronic transport modes was computed using the formula
and , here h is the Planck constant, L is the length of the simulation cell along transport direction (i.e. Z direction), and is the group velocity of charge carriers computed using a finite difference method with a small value of along the Z direction. The Gaussian smearing width w = 0.01 eV were used, the same as the value in the calculation of carrier concentrations.
Ab initio band bending
The band bending in the HH semiconductor was computed by subtracting the planaraveraged electrostatic potentials of the isolated HH slab (V HH ) and the isolated Ag slab (V Ag ) from the interfaced slab (V HH-Ag ), i.e. V inter = V HH-Ag -V HH -V Ag . This definition for V results in a smooth function as the ionic potential contribution cancels out exactly. However, it may induce an artificial charge and electrostatic potential on the interface due to the dangling bonds on the surface of the HH and Ag slabs. We have also calculated the band bending by using a macroscopic doubleaverage method [31] along the direction perpendicular to the interface, and found that the artificial charges only affect the electrostatic potential within ~2 Å (or one-bond length) away from the interface. Therefore, we consider the band bending in the HH at distances larger than ~2 Å from the interface. For ab initio calculations, an accurate band bending requires a large k-sampling of the Brillouin zone, which is not feasible for large supercell systems. To overcome this issue, we employ a combination of macroscopic modeling and ab initio calculations. Hereafter, we call it ab initio-based modeling of the band bending. We have applied this approach to the case of n-type doped HH-Ag interface, in four steps:
i) Using ab initio simulation, we directly calculate the interfacial electrostatic potential bending V(z) for a relatively small (at the mesoscopic scale) HH and Ag interfacial system (1.2 nm x1.2 nm x 4.9 nm) with ~ 700 atoms, and using the largest k-sampling (2x2x1) computationally feasible given the size of the system.
ii) The Poisson's equation satisfied by V(z) is re-written after integrating out the screening response of the valence bands:
which is solved with the definition of free carrier density
Here r 0 (z) is the charge induced at the interface, N d is the dopant concentration, E c and E v are the CBM and VBM band profiles (rigidly shifted by the local electrostatic potential), and D n (E,z) and D p (E,z) are the electron and hole density of states based on effective mass theory:
where the factor of 3 represents the band degeneracy of VBM and CBM.
The equations are discretized on a one-dimensional dense grid and solved self- 
Macroscopic modeling of contact resistivity
The contact resistivity is calculated from the current density J using 
The electrostatic potential is calculated from the ab initio modeling introduced previously. We use m DOM ~2m o for the density of modes (DOM) [30] effective mass as obtained via a fit near CBM of the DOM (see Fig. 2d ). Equation (7) represents the tunneling transmission probability as a function of the component of the carrier energy E z perpendicular to the interface. Thermionic emission is included in our calculations by setting when the carrier energy is larger than the Schottky barrier height.
III. Results and Discussion
We first discuss the properties of the bulk HH alloys, which serve as the basis for forming the interfaces with Ag. Table I shows the atomic structure of the bulk HH systems investigated in this work for both intrinsic and doped cases. The intrinsic materials have a simple cubic structure with equal lattice constants in all three directions. We construct the doped systems starting from the simple cubic basic unit cell of the intrinsic systems, but after ab initio optimization they become pseudo-cubic with slightly different lattice constants in the three directions, depending on the position of dopants. As shown in Figure 1 , the bandgap and band structure are not very sensitive to the doping for doping levels of the order of 10 21 cm -3 . Introducing the dopants rigidly shift the Fermi level into the conduction or valence bands, depending on the substituted atoms. Since Sb has one more valence electron than Sn, replacing Sn by Sb results in a n-type doped system and leads to the Fermi level shifted toward the conduction bands, while replacing Sb by Sn results in a p-type doped system with the Fermi level shifted toward the valence bands (See Figure 1) . In this work, we generated n-type (i. respectively, similar to those of the experimental samples [14] . We aim at establishing the fundamental limit of contact resistivity, and thus consider clean HH-Ag interfaces, neglecting oxidation or interface reactivity [14] . We first used the conventional Having obtained the atomic structures of the electrical contacts, we calculated the electrostatic potential and charge distribution at the interfaces. Figures 5a and 5b show the planaraveraged electrostatic potential difference (V) and charge density difference (Q) calculated along the transport direction perpendicular to the HH and Ag interface for two n-type systems and one p-type system. We see that the electrostatic potential close to the interface depends not only on the interfacial structure but also on doping, while Q is mainly dominated by the interfacial atomic structure. For the n-type doped HH, the electrostatic potential bends up close to the metal interface for both ordered and disordered interfacial structures. However, within 5 Å from the interface, V is significantly different between the ordered and disordered cases. On the other hand, Figure 3d shows that the charge density difference mostly appears within 5 Å for all three systems, with larger values for the ordered interfaces and smaller values for the disordered interface. These results indicate that the band bending is dominated by the doping at distances larger than 5 Å, but at distances smaller than 5 Å, it is controlled by the interfacial charges (see Fig 5b) . The different values of charge density difference indicate that the ordered contact interface terminated with HfZr (or HfZrSn) induces a larger charge and tends to bend the bands down, while the disordered contact interface terminated with Ni leads to a smaller value of charge and tends to bend the bands up. and HfSb (p-type), respectively.
The interfacial atomistic effects play a critical role in determining the band alignment. In the case of the p-type HHs, the Schottky-Mott rule already predicts an ohmic contact, and this picture is maintained upon consideration of atomistic effects. However, for the n-type contacts the Schottky-Mott rule completely fails in quantitatively predicting the eventual band alignment.
Indeed, as shown in Fig. 6a , the atomistic effects lead to a Schottky barrier of at most 0.1 eV, compared to the predicted value of ~0.45eV. The height of the Schottky barrier is larger for the disordered interface (0.1eV) compared to the ordered interface (0.05eV). A similar conclusion can be drawn from the ab initio calculated projected bandstructure near the interface (see fig. S1 in Supplemental Material ).
Since the interface between the p-type HH and Ag is ohmic, and for the n-type HH it has a Schottky barrier, the thermoelectric efficiency of a TE module composed of n-type and p-type HH in direct contact with Ag could be limited by the contact resistance of the n-type HH. Using macroscopic modeling with the ab intio input parameters, we obtained the contact resistivity for the n-type HH. We calculated the contact resistivity using the band bending at distances larger We used our macroscopic modeling approach to study the dependence of the contact resistivity on doping and temperature, assuming a clean interface could be maintained in the low to medium temperature range. As shown in Fig. 7 , we see that doping can significantly reduce the contact resistivity; this arises because the band-bending becomes sharper which favors tunneling across the Schottky barrier instead of thermionic emission over the barrier (see Fig. 6b ). This is in agreement with well-known approaches widely used to optimize the interfacial transport properties of semiconductor-metal contacts [34] [35] [36] . The contributions from thermionic emission and tunneling are also apparent when considering the temperature dependence. Indeed, Fig. 7 shows that at low doping the contact resistivity varies by an order of magnitude with temperature since the electrons need to be thermally excited over the Schottky barrier. In contrast, the temperature dependence is weak at large doping due to the dominance of direct tunneling at the Fermi level. 
IV. Conclusion
Half-Heusler(HH) alloys have been identified as promising thermoelectric (TE) materials in the medium and high temperature range due to their optimal high temperature TE properties.
To harness HH materials for TE devices, it is important to realize metal contacts with low electrical contact resistivity. Although several metal electrodes contacted with HH have been explored experimentally, there are no theoretical studies of metal contacts to HH alloys. We present a theoretical study of the fundamental limits of contact resistivity to HH alloys. By using a combination of ab initio calculations and macroscopic modeling, we investigate the detailed interfacial structure and electronic properties, as well as their impact on the contact resistivity of an n-doped HH alloy (Hf 0.75 Zr 0.25 NiSn) and a p-doped HH alloy (Hf 0.5 Zr 0.5 CoSb) contacted with the metal Ag as a function of doping concentration in the low to medium temperature range. We find that the surface termination of the HH plays an important role in determining the properties of the interface. In cases where the HH termination contains Ni, we find a disordered interfacial structure, whereas terminations with HfZrSn or HfZr give ordered interfaces. The detailed atomistic electronic structure of the interface is also essential in determining the band alignment at the interface: for n-type contacts, the simple Schottky-Mott rule predicts a large Schottly barrier, however we find that interfacial effects significantly reduce the Schottky barrier, rendering the contact almost ohmic.
Our theoretical study is based on ideal interfacial structures realizable in principle at low temperature. More complex scenarios are possible in devices operated at elevated temperatures, including the formation of new phases at the interface due to the chemical reactivity between HH and the metal. However, we note that the predicted Schottky barrier for n-type HH interface, and ohmic contact for p-type HH interface with Ag are coincident with the experimental observations [14] , where the contact resistivity of p-type HH with Ag is not very sensitive to temperature (T), while for the n-type HH it strongly depends on T. In particular, at low T the contact resistivity for the n-type HH interface is much larger than that of the p-type HH interface.
Nevertheless, the effect of interfacial phases formed at high temperature on the contact resistivity needs to be further investigated.
Finally, our theoretical work serves to establish the fundamental understanding of metal contacts to HH via atomistic insight into the behavior of the band bending near the interface including the impact of the interfacial structure and chemical composition. Our calculations provide a lower bound of contact resistivity of the interface of HH and metal Ag, which can be used as a reference for future studies. 
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